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Abstract 
The model of ultrasonic motor system is an important premise of designing motor motion controller. This paper 
works out fuzzy modeling method of ultrasonic motor system. Ant colony optimization and least square method are 
used to obtain the unknown parameters of membership functions and fuzzy rules, respectively. The two-input and 
one-output Takagi-Sugeno model is established, and the model can well show the nonlinear dynamic relationship of 
ultrasonic motor system. 
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1. Introduction
 Modeling of ultrasonic motor can adopt different methods. From the perspective of being suitable for 
control applications, control modeling method of ultrasonic motor system gets more and more attention. 
Usually, for the purpose of online realization and minimizing the amount of online calculation, the control 
model should be relatively simple and can show the main aspects of nonlinear control of ultrasonic motor 
system. As the limitations of theoretical modeling, control modeling usually adopts identification method 
based on the tested data[1-3]. According to the different methods of model identification, the forms of 
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model can be the transfer function, differential equation, neural network, etc. In recent years, fuzzy 
modeling method based on fuzzy reasoning is gradually arisen. Another effective way is provided for the 
modeling of nonlinear complex system. The fuzzy method is mostly used to realize rotating speed and 
position control, and is rarely used in the modeling field of motor. 
This paper works out the appropriate fuzzy modeling method to obtain the dynamic model of 
ultrasonic motor system. Ant colony optimization algorithm is used to obtain fuzzy clustering 
membership functions. And then least square method is used to identify the unknown parameters of the 
conclusions of fuzzy rules. The two-input and one-output Takagi-Sugeno model of ultrasonic motor 
system is established, and the model can well show the nonlinear dynamic relationship among the 
amplitude of driving voltage, frequency and rotating speed. 
2. Fuzzy modeling method of ultrasonic motor 
The form of fuzzy rules of Takagi-Sugeno fuzzy model is as follows. The premise condition is fuzzy, 
and the conclusion is an exact value. 
Ri：If (x1 is Ai1) and…and (xk is Aik) and…and (xr is Air), then yi= ai0+ai1x1+…+aikxk+…+airxr 
Here, Ri represents the ith fuzzy rule, xk is the kth input variable, Aik is one of the fuzzy subsets of xk, yi 
is the output of the ith rule Ri, and aik is the unknown parameter of conclusion, k=0,…,r. 
The steps of this fuzzy modeling method can be summarized as follows: 
• Determine the input variables and the number p of input variables, and the number c of clusters. 
• According to the analysis of tested data, determine the corresponding domain interval [ −M , +M ] of 
driving voltage amplitude, frequency and rotating speed. 
• Determine the centers Vi and widths hi of Gaussian membership functions using ant colony 
optimization algorithm (i=1,2,…,c). 
• Calculate the distance  dik between the each data point xk and cluster center Vi 
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Here, m is a constant, usually set m=2. 
• The unknown parameters of conclusion part of T-S model are obtained by the least square method. 
• If the precision of model is not satisfactory after validation calculation, change the number c of 
clusters and/or the number p of input variables, go to step 2). 
According to the analysis of tested data, input variables of the model contain the value of driving 
voltage amplitude (peak-peak value) u(k-3), u(k-2), u(k-1), u(k), frequency f(k-3), f(k-2), f(k-1), f(k), and 
rotating speed n(k-2), n(k-1). Output variable is the rotating speed value n(k). The number p of input 
variables is 10, and number c of rules (also clusters) is 10. The number of Gaussian membership functions 
of u(k-3), u(k-2), u(k-1), u(k), f(k-3), f(k-2), f(k-1), f(k), n(k-2), n(k-1) is 10, respectively. Every Gaussian 
membership function has two unknown parameters, such as center and width. The total number of 
unknown parameters is 60. They are obtained by ant colony optimization algorithm. 
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3. Ant colony optimization algorithm used for fuzzy modeling of ultrasonic motor 
Ant colony optimization algorithm is a randomicity colony intelligent optimization algorithm. Because 
the favorable performance is shown in solving complex optimization problems, the application field of 
ant colony optimization algorithm is expanding [4,5]. The number of supposed optimized parameters is q, 
and they are a1,a2,…aq. Firstly, every parameters ai(1≤i≤q) is set to nonzero random numbers in the 
possible range. The amount of nonzero random numbers is Q. The set Wai is formed. Every Ant chooses a 
element from the set Wa1 according to the pheromone. When the ants accomplish the elements choice in 
all the sets, they arrive at food and return.  
Ant colony optimization algorithm is used to determine the parameters of membership functions in T-S 
dynamic fuzzy model of ultrasonic motor. The steps of ant colony optimization algorithm can be 
summarized as follows: 
• The nonzero numbers are generated randomly in the possible range of u, f, n, and the amount is 100. 
The matrix is 60*100. 
• Initialize the parameters. Set the number m of ants, the pheromone evaporation rate ρ(0≤ρ＜1), the 
total amount P of pheromone, the maximum number Nm of cycles. The pheromone ( )aij Wτ of every 
element in every set is C, and C is constant. ( ) 0= ，j=1,2,…100. ( )aij Wτ  denotes the 
pheromone of the jth element in the set Wai. ( )aij WτΔ  denotes the pheromone increment of the jth 
element in the set Wai. 
Δ aij Wτ
• The kth ant leaves from the set Wa1, chooses the jth element in the set Wai randomly according to the 
motion probability (k=1,2,…m). The calculation of motion probability is as follows: 
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The kth ant accomplishes the elements choice in all the sets, and arrives at food. 
• Repeat the step 3), until all the ants accomplish the elements choice. The elements which every ant 
chooses are the parameters of membership functions in T-S dynamic fuzzy model of ultrasonic motor. 
According to input data, calculate the model output. The error is got, and the performance index is as 
follows: 
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Here, Y is the model output, O is the tested data, h is the number of tested data, d=1,2,…h. Record the 
minimum performance index , and the corresponding chosen elements. 
• Update the pheromone.  
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Here,  denotes the pheromone, which the kth ant leaves on the jth element in the set Wai in 
this cycle. ek is the maximum output error of the kth ant. 
( aikj WτΔ
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• All the ants accomplish the elements choice, update the pheromone. This cycle is done. Repeat the step 
3)~5), until reach the maximum number Nm of cycles or the given value Je of performance index. And 
then export the optimal value. 
4. Ant colony algorithm optimizing fuzzy model 
The number m of ants, the pheromone evaporation rate ρ are playing an important role in optimization 
process, and affect validity of optimization algorithm. The parameters have close relationship with 
optimization objective. Determining the parameters has no clear method. Generally, aiming at the special 
optimization objective, the appropriate value of parameters such as m, ρ are determined by trying. 
Through this method, the optimization process is quickened, and the optimization result is improved. 
4.1. determining the number m of ants 
Set ρ=0.7, Q=100, m=40, 50, 60, 80. By comparing the optimization process and result, find the 
appropriate value of m. Exit condition of optimization process is set at fixed number of cycles. Here, 
Nm=150. Considering the random factors in the optimization process, the number of optimization 
calculation is 3 for every value of m. The average value of Jmin is the basis of measuring optimization 
result. 
Table 1. The comparison of optimization process among different value of m 
m evaluating parameters 1 2 3 The average value of Jmin 
40 Jmin 914.14 804.02 855.99 858.05 
Time /s 306.38 302.52 304.14 – 
50 Jmin 749.57 803.79 830.83 794.73 
Time /s 381.72 382.16 381.61 – 
60 Jmin 823.74 815.25 870.61 836.53 
Time /s 456.89 458.63 456.25 – 
80 Jmin 870.56 809.07 812.15 830.59 
Time /s 612.45 611.47 614.40 – 
The results of optimization calculation are shown in Table 1. The CPU of computer used for 
calculating is Pentium 4, the frequency is 2.93GHz, and the memory is 512MB. The average value of Jmin 
is smaller, when m=50 and m=80. Change the exit condition of optimization process, compare the 
optimization result of m=50 and m=80, and then determine the number of ants. The exit condition is set to 
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Jmin≤800 or Nm＞1000. Here, the maximum number Nm of cycles is 1000, which restricts the time of 
optimization process. Through the comparison, in the condition of m=80, the values of Jmin are all smaller 
than 800, and the time is shorter than m=50. The appropriate number m of ants is 80. 
 
4.2 determining the pheromone evaporation rate ρ 
Set m=80, Q=100, Nm=200, ρ=0.3, 0.5, 0.7, 0.9. Through the comparison, when the value of ρ is 0.5, 
the average value of Jmin is the smallest, and the optimization result is better. In the condition of m=80, 
ρ=0.5, exit condition is changed to minJ≤700 or Nm＞2000. After the optimization calculation, optimal 
value can be obtained. The value of Jmin is 662.1, and the calculation time is 935.55s. 
According to the above optimal value, the Gaussian membership functions of input variables U, F, N 
are got. The comparisons between model output and tested data are shown in Figure 1, Figure 2. The 
maximum relative errors are 1.4%, 1.2%, respectively. The average errors are 0.68r/min, 0.65r/min, 
respectively. The model can well simulate the dynamic character of ultrasonic motor. 
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Fig. 1. Comparison between model output and tested data (Nref=70r/min); Fig. 2. Comparison between model output and tested data 
(Nref=90r/min)  
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5. Conclusion 
Ant colony optimization algorithm can effectively avoid local optimization. Optimization method is 
simple, has highly efficiency and robustness. In the paper, ant colony optimization is used to obtain the 
parameters of T-S dynamic fuzzy model of ultrasonic motor system. The optimization result is satisfying. 
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